Simulations are widely used to provide expectations and predictive distributions under known conditions against which to compare empirical data. Such simulations are also invaluable for testing and comparing the behavior and power of inference methods. We describe SANTA-SIM, a software package to simulate the evolution of a population of gene sequences forwards through time. It models the underlying biological processes as discrete components: replication, recombination, point mutations, insertion-deletions, and selection under various fitness models and population size dynamics. The software is designed to be intuitive to work with for a wide range of users and executable in a cross-platform manner.
Interface

Component description FitnessFactor
Enables developers to define a custom fitness function. Default implementations of this interface implement fitness functions that take into account genome sequence and the size of the virus population. Mutator
Enables developers to control how a molecular sequence is to be modified when a mutational event takes place. SANTA-SIM ships with a default implementation that allows mutations to happen on the nucleotide level. Replicator
Enables developers to control how a virus can be replicated. Default implementations of this interface implement clonal replication, recombinant replication and recombinant replication with hotspots. Sampler
Enables developers to implement different ways to sample from the virus population. Default implementations of this interface implement an alignment sampler, an allele frequency sampler, a genome description sampler a general statistics sampler and a tree sampler. Selector
Enables developers to implement different ways to apply evolutionary selection on individuals. SANTA-SIM ships with a binary search selector and a roulette wheel selector for constant population size. For simulating the dynamics of population size under logistic growth model a selector is implemented that takes into account the growth rate, carrying population and population size to determine the expected number of progeny for each individual. PopulationGrowth Facilitates further development of the software to specify the growth processes custom-tailored for specific cases which are not predicted in the selector interface implementations. A cycle of two generations in SANTA-SIM simulation, consisting of mutation, recombination, fitness evaluation and selection. The circles on the left and right respectively represent the individuals from the first population (parents) and the second generation (progenies). The size of the circles represent the fitness while the color represent the genotype. Parents with higher fitness are more likely to be selected to generate a progeny, shown by the number of arrows. Each progeny could be generated from one parent (clonal replication) or two parents (recombinant replication).
Fitness calculation 95
The fitness of each genome is calculated using one or more fitness 96 functions ( 
Fitness function Description
Neutral
Does not lead to a selective constraint. Empirical
Manual specification of fitness values for each state (for instance amino-acid) at one or more positions.
Purifying
Assigning negative selection coefficients based on observed frequencies in an alignment, or using biochemical properties compared to the most frequent state in an alignment.
Age Dependent
Records the age of alleles, and assigns higher penalties to older alleles.
Frequency Dependent
Assigns higher penalties to more frequent alleles.
Exposure Dependent
Penalizes the exposure of an allele, by integrating frequency over time. Population Size Dependent Enables to define fitness as a function of total population size. The simulation has two phases. In the first 3000 generations, the only selective force is purifying selection. After this initial phase (gray line), 4 particular mutations become beneficial: 50T (yellow), 100K (light blue), 150A (green) and 200G (dark blue). Mutation 100K has been present in the initial population in low prevalence. Diversity drops through each wave of selective sweep where a beneficial mutation appears and takes over. The simulation starts from a population with only one sequence at the first generation. Diversity was defined as the mean pairwise identity percentage between all sequences. For a given nucleotide position between two sequences, two non-identical bases will result in a zero score for that position while identical bases give a score of one, The distance of the two sequences was calculated as the mean of such identity scores across all nucleotide positions.
with the beneficial mutation before the onset of the selective sweep, while the 211 other population only had two individuals with the beneficial mutation.
212 Figure 4 illustrates that the magnitude of diversity reduction upon a sweep 213 is dependent on the fraction of the beneficial mutation in the initial population.
214
Diversity remains at a quasi-constant level after the sweep since the span of the 215 number of generations here is rather short.
216
In Figure 5 phylogenetic trees constructed after fixation of the beneficial 217 allele demonstrate that the branching pattern at the root of the trees is distin-218 guishably different for the two modes of the selective sweep, which resulted in 219 the pattern in Figure 4 . example, we simulated a scenario where the pathogen has the capability to de-225 velop escape from the host's immune system and increase its fitness by acquiring 226 Figure 3 : Phylogenetic tree from the sampled sequences through multiple waves of selective sweep From the simulation run of 10,000 generations, a sample of 500 sequences was collected at every 100th generation, and a tree was made with FastTree. The tree is coloured by increasing generations (from red to blue) and the outer band denotes the consecutive selection of beneficial mutations (see Figure 2 for mutation colors).
a particular beneficial mutation. At the same time, the host gradually develops 227 more protection against the alleles of the pathogen exposed to the host. Two modes of selective sweep are simulated for a population of size 10,000: In one case a small fraction of the initial population carries the beneficial allele (two in 10,000; blue line) while in the other case a higher fraction carries this allele (55 in 10,000; red line). The diversity is calculated as the mean pairwise distance between 1000 sampled sequences from the population, similar to the previous simulation. The simulation is repeated 1000 times. The mean and standard deviation of these replicates are shown shown as the thick line and shaded area respectively.
function and the beneficial mutation reaches and remains a high prevalence.
241
The minor fluctuation in prevalence results from the marginal increase relative 242 to other alleles with selection coefficient of 0.05. For higher values of the penalty 243 parameter for allele exposure, it is observed that mutations that increase in 244 prevalence are penalized for their exposure and affecting the duration of high 245 prevalence. Simulation for each parameter is shown for duplicates. Figure 5 : Phylogenetic trees after fixation of the beneficial allele grouped for two levels of initial prevalence of allele.
A population with two levels of initial prevalence of a beneficial allele is subjected to selective sweeps. Phylogenetic unrooted trees are sampled (100 sequences), using tree sampling capability of SANTA-SIM, after the fixation of the beneficial allele. The tree on the left corresponds to the case where the starting population had a lower number of individuals with the beneficial allele (2 in 10,000), while the tree on the right corresponds to the case where the starting population had a higher number of individuals with the beneficial allele (55 in 10,000). Clades were collapsed (red dots) when average branch length distance to the taxa were below an illustrative threshold. Simulation of the interplay between the appearance of a escape mutation in a pathogen and host adaptation to the resistance. The selection coefficient of the beneficial mutation was set to 0.05. The exposure dependent fitness function was used to simulate the gradual decrease in fitness of the beneficial resistance allele in a pathogen as the hosts immune system adapts. Three parameters for exposure penalty were used. The penalty parameter for the green curves is set to 10 -7 , for the orange curves it is 10 -6 and for the purple curves it is 10 -5 . There are two replicates shown for each simulation.
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